INTRODUCTION
============

Nowadays, because of some restrictions of the direct restorations such as high wear, polymerization shrinkage and long chair-side time, indirect restorations have been considered. With the use of these kinds of restorations, there is also a chance of fluids leak and microleakage after cementation, which is considered a common clinical phenomenon. Subsequently, oral liquids, ions, molecules and oral bacteria percolate between the tooth and restorative interface. Then an appropriate space for the growth of these cariogenic bacteria, especially *Streptococcus mutans (S. mutans)*, will be created, resulting in recurrent caries. In order to prevent this detrimental effect, it is of vital importance to choose a proper cement ([@B1]).

Cements that are used in indirect restorations are divided, based on the dominant setting reaction type, into types that include acid-base reaction (Glass Ionomer, Resin modified Glass Ionomer, Zinc Oxide Eugenol, Zinc Poly Carboxylate and Zinc Phosphate) and resin types with their setting is done with polymerization ([@B2]). Previous studies revealed that conventional acid-base cements have limited or some amount of antibacterial activity against *S. mutans*. While incorporating chlorhexidine/Certimide mixtures to their formulation may provide greater antibacterial effect ([@B3]). According to Feoz et al. ([@B4]) Zinc Phosphate and Zinc Oxide Eugenol exhibited highest amount of antibacterial activity. While, Glass Ionomer cement was the weakest of all. Conversely, *in vitro* studies have shown that both conventional and resin-modified glass-ionomers can decrease artificial caries; they can also remineralize carious lesions in vivo ([@B5]) and enhance fluoride uptake by underlying dentin ([@B6]). This property might be as attributed to the presence of fluoride and zinc in their structure and their initial acidic pH. Both fluoride and zinc exert several effects on dental plaque bacteria, with both inhibiting a variety of enzymes in intact cells; as a result, they are both widely used as antimicrobials in oral hygiene products, predominantly as anticariogenic agents ([@B7]).

Currently, adhesive resin cements are used for cementation of indirect restorations. Adhesive resin cements have etch-and-rinse, self-etch and self-adhesive types. In self-adhesive generation, which are the most recent type, all of the etching, bonding and luting steps are carried out in one step and all together ([@B8]). This generation has some advantages such as decreasing dissolution in oral liquids, decreasing working time, less working sensitivity and presence of fluoride in its structure ([@B9]).

In self-adhesive resin cements, the pH of the self-etching primer is sufficiently low to demineralize the smear layer and the underlying dentin surface so that etching and priming of dentin can be accomplished simultaneously ([@B8]). Therefore, the separate acid-etching step is generally omitted. However, due to the non-rinsing procedure, residual bacteria may remain at the interface between the tooth and the restorative material. The dentin primer is the component that comes into contact and reacts with the dentin substrate at the first stage of restoration. Furthermore, if tooth conditioners, such as primers present in the composition of these luting agents, possess antibacterial activity, these bacteria could be eliminated, thereby preventing secondary caries. Thus, the antibacterial activity of these self-etching primers that are directly applied to the dentin plays an important role in the longevity of the restoration ([@B9]).

Considering the release of fluoride and the primary low pH and acidic property of the self-adhesive resin cements and the presence of cytotoxic and preventive monomers against the bacteria in their composition, the aim was to assess the antibacterial activity of three self-adhesive resin cements against *S. mutans* at different time intervals.

MATERIALS AND METHODS
=====================

For the purpose of the present study, three different self-adhesive resin cements, including Bis-Cem (Bisco, Schaumburg, IL, USA), G-Cem (GC Corporation, Itabashi-ku, Tokyo, Japan) and Max-Cem Elite (Kerr, Orange, CA, USA) were used as experimental groups. Compositions and manufacturer information for these cements are provided in [Table 1](#T1){ref-type="table"}.

###### 

Composition and manufacturers of Self-adhesive resin cements

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Resin cement**   **Manufacture**              **Composition**
  ------------------ ---------------------------- --------------------------------------------------------------------------------------------------------------------------------------
  Max-Cem            Kerr, Orange, CA, USA        TEGDMA, GPDM, inert mineral fillers, ytterbium fluoride, proprietary\
                                                  Redox initiators, activators, Stabilizers

  Bis-Cem            Bisco, Schaumburg, IL, USA   BisGMA, dimethacrylates, phosphate acidic monomer, glass filler

  G-Cem              GC Corp., Tokyo, Japan       UDMA, fluoroaluminosilicate glass, initiator, stabilizer, 4MET, phosphoric acid ester monomers, water, dimethacrylate, silica powder
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

TEGDMA; Triethylene glycol dimethacrylate, GPDM; Glycerophosphoric acid dimethacrylate, BisGMA; Bisphenol glycidyl methacrylate, UDMA; Urethane dimethacrylate, 4MET; 4-Methacryloxyethyl trimellitic acid

Samples grouping.
-----------------

Since it is necessary for the bacteria floating in the liquid culture media to be exposed to the resin cement, the modified direct contact test was used for the purpose of this study. Based on the results of a pilot study, 58 microplates were used for each experimental group. In addition, 58 microplates with the bacterial solution but without cements (positive control) and 5 microplates with the cements under study but without any bacteria (negative control) were used as the negative control. Another five microplates without cements and bacteria, with only the culture media, was prepared in order to control the sterility of microplates.

Modified direct contact test ([@B10], [@B11]).
----------------------------------------------

For every experimental group, 1 mm of the height of microplates was filled with the selected cement and polymerization was carried out according to the manufacturer's instructions. Then the microplates underwent an aging process by storage in phosphate-buffered saline solution at 37°C with 95% atmospheric moisture for 1 hour, 24 hours and 1 week. During the aging process for 1 week, the physiologic serum was refreshed every 24 hours. At the end of the each aging period, the physiologic serum contents of the microplates were retrieved and 10 μL of *S. mutans* bacterial suspension (approximately 10^6^ bacteria) were added to each microplate. The microplates were kept at 37°C for 60 minutes in a moist environment.

During this period, the bacteria came into direct contact with the free surface of the cements. Then 240 μL of Brain Heart Infusion (BHI) culture medium were added to each microplate and mixed for 2 minutes. In the final stage, serial dilutions were prepared from the content of each micro tube in the BHI culture medium and 20 μL of each dilution was cultured on BHI culture plate using the spreading technique. The bacterial counts were described as CFU/mL.

Statistical analysis.
---------------------

One-way ANOVA was used to analyze data obtained for each time interval separately. Post-hoc Tukey HSD tests were used for two-by-two comparisons of the groups in cases of significant differences. Furthermore, repeated measurement ANOVA was used to analyze bacterial counts at three time intervals for each group, separately. In this study, P\<0.05 was considered statistically significant.

RESULTS
=======

The means, standard deviations and standard errors of bacterial counts (CFU/mL) in the study groups are presented in [Table 2](#T2){ref-type="table"}. The results of Kolmogorov-Smirnov test showed normal distribution of data in the study groups (P\>0.05). One-way ANOVA showed significant differences in mean bacterial counts between the study groups (P\<0.001).

###### 

Mean colony count (cfu/mL) and standard deviations (SD) of *Streptococcus mutans* growth after exposure to three different cements after different time intervals.

  **Exposure time**   **G-Cem**   **Max-Cem**   **Bis-Cem**                                          
  ------------------- ----------- ------------- ------------- ------------ ------------ ------------ ------------
  1 Hour              Mean        2068.9^Aa^    7424^Ba^      3098.2^Ca^   7453.6^Da^   5459.9^Ea^   7543.8^Fa^
  SD                  221.79      524.31        312.59        396.39       717.23       501.57       
  24 Hours            Mean        6706^Ab^      7550^Ba^      3712.4^Cb^   7181.1^Da^   5495.8^Ea^   7191.6^Fa^
  SD                  387.95      379.39        962.92        495.51       458.19       1069.8       
  7 Days              Mean        7482.6^Ac^    7416.4^Aa^    7399.3^Ac^   7336.7^Aa^   6945.5^Bb^   7256.2^Ca^
  SD                  355.95      465.61        391.09        508.12       170.86       476.9        

In each row, different upper letters show statistically significant differences between resin cements (p\<0.05).

In each column, different lower letters show statistically significant differences between time intervals (p\<0.05).

Two-by-two comparisons of the groups with post hoc Tukey tests showed significant differences in mean bacterial counts between all the study groups and between the study groups and the corresponding control groups at 1-hour and 24-hour intervals (P\<0.001). At 1-week interval, the differences between Bis-Cem and G-Cem and between Max-Cem and Bis-Cem were significant (P\<0.001). In addition, the difference between the Bis-Cem group and the corresponding control group was significant (P\<0.001). In other cases, no significant differences were detected between the study groups and between the study and control groups at this time interval (P\>0.05).

Repeated measurement ANOVA was used to compare the mean bacterial counts with the use of each cement at different time intervals. The results showed significant differences between G-Cem and Max-Cem cements at all the intervals (P\<0.001), with an increase in bacterial counts over time. In this context, there were significant differences in Bis-Cem cement between 1-hour and one-week (P=0.01) and 24-hour and 1-week (P\<0.001) intervals; however, the difference between 1-hour and 24-hour intervals was not significant (P\>0.05).

DISCUSSION
==========

Secondary caries is the most common etiologic agent involved in the failure of dental restorations, which is a localized lesion affecting restoration margins, believed to be associated with residual bacteria and microleakage; its etiology and histology is similar to those of primary caries. It is difficult to diagnose secondary caries and it cannot be permanently managed by operative strategies. One technique to decrease the frequency and severity of this issue is to use fluoride-containing restorative materials and luting agents ([@B8]).

The agar diffusion test (ADT) was the most frequently used method for the evaluation of antimicrobial activity of various cements. However, its disadvantages semi-quantitative results that rely on solubility and diffusion characteristics of the test material - and the medium used are well recognized ([@B12]). Weiss et al. introduced a direct contact test (DCT) that circumvents many of the problems of ADT ([@B13]). It is a quantitative assay allowing the use and testing of water-insoluble materials. It uses direct and close contact between the test microorganisms and materials, being almost independent of the diffusion properties of both the tested material and the media. Apart from its reproducibility and quantitative nature, DCT is relatively insensitive to the size of the inoculate brought into contact with the test material, facilitating simultaneous standardized measurements of a large number of specimens and their controls on the same micro-titer plate to monitor the microbial growth, both in the presence and absence of the test material ([@B13]). As a result, in this study a modified DCT was used for the assessment of antibacterial properties of three commercially available self-adhesive resin cements (G-Cem, Max-Cem and Bis-Cem) at different time intervals (1 hour, 24 hours, 1 week).

All the cements evaluated in the present study exhibited significant antibacterial activities for after 1 hour and 24 hours compared with the positive control group. Similarly, Magalhaes et al. ([@B14]) showed that RelyX ARC a conventional resin cement and RelyX U200 a self-adhesive one exhibit significant antibacterial activity against *S. mutans* for 24 hours. Previous studies have shown that the formation of *S. mutans* colonies significantly decreased at pH values \<5.1, being completely inhibited at pH values ≤4.8 ([@B15], [@B16]). The most probable reason for this finding might be the low primary pH of these cements. These cements have an acidic pH value due to the acidic monomers in their structure that are responsible for self-etching capacity ([@B17]). According to manufacturers, the self-etching capacity is provided by the presence of different monomers in the luting agent formulation: GPDM in Maxcem, the hydrophilic monomer 4-META and phosphoric acid ester monomers in G-Cem, and phosphoric acid ester monomers in Bis-Cem.

Furthermore, at 1-hour interval, G-Cem exhibited a higher antibacterial activity compared to the other two groups. In addition, Max-Cem exhibited a higher antibacterial activity compared to Bis-Cem. However, after 24 hours, Max-Cem exhibited a higher antibacterial activity than the other two groups and G-Cem showed a higher antibacterial activity than Bis-Cem. According to Han et al., the primary pH after mixing of G-Cem is 1.8, which is lower than those of Max-Cem (pH=2.4) and Bis-Cem (pH=3.6) ([@B6], [@B17], [@B18]). Furthermore, the pH values 48 hours after polymerization were 2.4 for Max-Cem, 3.6 for G-Cem, and 4.0 for Bis-Cem, corresponding to the antibacterial activities of these cements at 1- and 24- hour intervals, respectively ([@B6], [@B19]).

In contrast, at 1-week interval the antibacterial activity of Bis-Cem was higher than those of G-Cem and Max-Cem are, which exhibited similar antibacterial properties at this time interval. Based on a literature review, the antibacterial activity of restorative materials might also be attributed to the fluoride content. A large number of studies have shown that fluoride ion is safe and effective in preventing and controlling caries at certain doses. Fluoride can inhibit the growth of oral streptococci *in vitro* at a concentration range of 0.16--0.31 mmol/L, also ([@B24], [@B25]).

The composition, solubility and permeability of the resin matrix, and the source, size and concentration of the fluoride ions are important characteristics of the fluoride-releasing materials ([@B26]--[@B29]). Aguiar et al. ([@B9]), reported that Max-Cem released less fluoride in water compared to Bis-Cem. Max-Cem resin cement contains fluoroaluminosilicate particles that bear resemblance to the glass powder in G-Cem. The similarity in the fluoride source of both materials might explain the similarity in antibacterial activity of G-Cem and MaxCem. However, Bis-Cem self-adhesive resin cement contains glass fillers composed of fluoride glass. The glass fillers are supplied in both base and catalyst pastes of Bis-Cem cement, releasing fluoride in water. Furthermore, the glass powder serves as a reservoir for fluoride ([@B30]).

As shown in previous studies, all the resin cements released high levels of ion on the initial days for all the resin cements, demonstrating that the release of fluoride was not uniform over time ([@B9], [@B21], [@B26], [@B31]). According to Aguiar et al. ([@B9]), after 15 days, fluoride release from Bis-Cem was 10 folds greater than its release from Max-Cem, possibly a further evidence of higher anti-bacterial activity of Bis-Cem compared to Max-Cem and G-Cem, which have similar fluoride particles.

A number of different mechanisms are involved in the anti-cariogenic effects of fluoride on teeth. It can act directly or it forms of metal complexes that inhibit many enzymes ([@B32]). However, it appears its main action that leads to the inhibition of acid production by intact bacterial cells at low pH is related to its capacity to enhance proton permeability of cell membranes by acting in the form of protonated fluoride (HF) as a trans-membrane proton carrier. Fluoride prevents proton extrusion by F-ATPases by returning excreted proton back into the cell through movements of HF; the cell is approximately 10 times more permeable to HF compared to fluoride. HF in the relatively alkaline cytoplasm dissociates to yield the enzyme poison F and H1, which acidifies the cytoplasm and inhibits glycolytic enzymes. A decrease in ΔpH by fluoride has a negative effect on the energetic status of the cell because by increasing re-entry of protons across the cell membrane it increases the demand on ATP for acid--base regulation. The final result is increased acidification and starvation stresses on the cell ([@B33]).

Self-adhesive resin cements seem to provide promising antibacterial effects. Although an initial low pH value has a great role in antibacterial effects and etching of enamel and dentin, if the low pH lasts for a long time, it might exert negative effects on the adhesion of the cement to dentin ([@B6], [@B19]). Despite the antibacterial properties of fluoride, its activity is still to be elucidated. However, GICs and resin-modified GICs have been reported to be the only materials that release the highest amount of fluoride among the luting agents, but even those products severely reach the inhibitory release level of fluoride ([@B29]).

The available data are derived from studies that assessed only a limited number of these cements currently available. Furthermore, bacteria other than *S. mutans* are also responsible for caries, should be investigated in future studies. In addition, long-term clinical antibacterial and anti-cariogenic effects of these materials should be assessed before making general recommendations.

CONCLUSION
==========

All the evaluated cements exhibited significant antibacterial effects at 1-hour and 24-hour intervals. At 1-hour, G-Cem exhibited higher antibacterial effects than Max-Cem, and Max-Cem showed higher activity than Bis-Cem. At 24-hour interval, Max-Cem showed higher antibacterial effect than G-Cem, and G-Cem showed higher activity than Bis-Cem. At 1-week interval, antibacterial effect of G-Cem and Max-Cem returned to their corresponding control value. However, antibacterial effect of Bis-Cem at this time interval was significantly more than its control value.
